Introduction Results
The generation of vPK transgenic mice. A FLAG-vPK gene was inserted downstream of the ubiquitin (Ub) promoter in the vector pBS.Ub.hGH ( Figure 1A ). The transgene fragment was microinjected into fertilized embryos of C57BL/6 mice and implanted into pesudopregnant females. After screening the pups for the vPK transgene by PCR, we bred 2 vPK founders to C57BL/6 mice. We confirmed expression of the vPK transgene and protein in both lines by PCR and Western blot, respectively ( Figure 1 , B and C).
To determine the independence of both lines, we performed a Southern blot using DNA isolated from spleens of vPK transgenic or WT control animals. No bands were observed in the lanes of WT controls ( Figure 1D ). With double digestion, we observe a band around 1.5 kb for both vPK lines, confirming the presence of the transgene in both lines ( Figure  1D ). With single digestion we observed a prominent band at approximately 5.5 kb in both lines, suggesting multiple tandem insertions. In addition to a band at 5.5 kb, 7 and 10 kb bands were also present in vPK1 but not in vPK2, underscoring that these lines have different vPK insertion sites ( Figure 1D ). As positive controls, we could also detect double-cut plasmid vPK in the presence of WT DNA ( Figure 1D ). vPK shares some homology with the protein kinases expressed by the other herpesviruses, underscoring the importance of this kinase in the herpesvirus life cycle and infection, although there are very significant differences in the cellular localization and function of these kinases among the different herpesviruses (15) .
vPK is expressed in the nucleus and cytoplasm and has been shown to have a multitude of functions in vitro (15, 16) . Phosphorylation of MKK4 and MKK7 by vPK results in the subsequent phosphorylation of c-Jun N-terminal kinase and late viral gene expression (15) . Other cellular targets that are phosphorylated by vPK include the acetyltransferase TIP60, a regulator of chromatin remodeling and the DNA damage response (DDR) (28) . Activation of the DDR during herpesvirus infection promotes viral replication (28) (29) (30) . In human and mouse cell lines, vPK inhibits the activation of the IFN-β promoter and the production of IFN-β (31) . Moreover, vPK exhibits cyclin-dependent kinase-like function by inducing the phosphorylation of Rb and lamin A, thereby promoting cell cycle progression (32) .
We reported that vPK resembles and mimics the activity of the cellular ribosomal protein S6 kinase β-1 (S6KB1) (25) . S6KB1 is downstream in the PI3K pathway and is phosphorylated by mTOR, a serine/threonine kinase that is part of several complexes within the PI3K pathway (33) . Activated S6KB1 phosphorylates multiple targets, some of which are involved in protein synthesis, such as ribosomal protein S6 (S6) and eukaryotic initiation factor 4B (eIF4B). S6 is part of the 40S ribosome, and eIF4B is part of the translation preinitiation complex (34) . Ectopic expression of vPK results in increased de novo protein synthesis, tubule formation, CD95 or FasR is highly expressed, specifically on germinal center B cells (35) . Without antigen stimulation, the overall frequency of germinal center B cells is low in WT spleens ( Figure 2C ). But despite the lack of antigen stimulation, we observed that vPK transgenic spleens have a significant increase in both the frequency and total number of B220 + CD95 + GL-7 + cells compared with WT controls (P ≤ 0.01 by Student's t test, n = 6 per group; Figure 2 , D and E), suggesting that naive vPK mice have activated B cell germinal centers.
Although we had observed expression of vPK protein in the spleens and lymph nodes of vPK transgenic mice ( Figure 1C and Supplemental Figure 1) , we wanted to confirm that vPK is specifically expressed in B cells. We enriched for total B cells by negative selection in splenic cell suspensions from vPK transgenic and WT mice using biotin-conjugated antibodies against CD43, CD4, and Ter-119 and anti-biotin microbeads. We ascertained B cell purity by evaluating B220 + cells by flow cytometry, which ranged from 98% to 99% (n=11). Enriched B cells from vPK transgenic spleens, but not from WT controls, expressed vPK protein, as determined by SDS-PAGE and Western blot ( Figure 2F ). We observed vPK expression in B cells in all 4 vPK transgenic mice evaluated.
vPK transgenic mice have a greater incidence of B cell hyperproliferative disorder and/or lymphoma than WT controls over time.
We followed a cohort of n = 72 vPK transgenic and age-matched Because vPK expression is controlled by the Ub promoter, we expected vPK to be expressed in all tissues. We detected vPK protein in the clarified lysates from liver, spleen, kidney, heart, lung, thymus, and lymph nodes, but not in lysates from WT littermate control organs, by SDS-PAGE and Western blot using a polyclonal vPK antibody (Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI97053DS1).
vPK transgenic mice have altered splenic B cell subsets. To determine whether KSHV vPK expression modulates the normal composition of B cell subsets, we extracted spleens from 60-to 188-dayold vPK transgenic and age-matched WT mice and evaluated the frequencies of B cell subsets by flow cytometry. We did not detect differences in the total number of CD19 + B cells between WT and vPK transgenic mice (Figure 2A ). The most notable observation was a 2-fold increase in the frequency of CD19 . n = 6 per group. (F) Representative Western blot for vPK protein expression in enriched B cells using a vPK polyclonal antibody. n = 7 WT; n = 4 vPK. *P = 0.01; **P = 0.006, Student's 2-tailed t test. jci. Figure 3A ). The overall incidence of lymphoma in vPK transgenic mice was approximately 66%, whereas the incidence of lymphoma in WT mice was about 8% (Table 1) .
Some reports indicate that female C57BL/6 mice have a greater incidence of lymphoma than C57BL/6 male mice upon aging (36) , which may cause a bias if there are more female mice in the vPK group compared with the WT control group. To address this issue, we evaluated the numbers of male and female transgenic and WT mice separately. Fifty-six percent of the WT mice were female (Supplemental Table 1 ). Female mice made up about 34% and 61% of the vPK1 and vPK2 groups, respectively (Supplemental Table 1 ). We observed that the incidence of lymphoma was not significantly higher in vPK females than in vPK males for both vPK transgenic lines (Supplemental Table 1 ).
Lymphomas from vPK transgenic mice express vPK. To determine whether the lymphomas from vPK mice transcribe the transgene, we isolated RNA from a subset of the masses and performed reverse-transcription PCR (RT-PCR) for vPK. We observed transcripts in the masses from transgenic mice as well as in the spleens from vPK transgenics without lymphoma (Figure 3B) . Based on the availability of tissue from masses, we evaluated 5 tumors for vPK protein by SDS-PAGE and Western blot and found that these 5 masses were positive for vPK protein and tubulin ( Figure 3C ). These data suggest the possibility that vPK contributes directly to lymphomagenesis.
Lymphomas and B cell lymphoproliferations were located throughout the bodies of vPK transgenic mice. We observed lymphomas and B cell lymphoproliferations arising throughout the body ( Figure   WT mice for 483 to 869 days after birth. We collected lung, liver, spleen, and kidney as well as any observed masses from vPK transgenic or age-matched WT mice. A third of each tissue was preserved in 10% buffered formalin or RNAlater (QIAGEN) or was flash frozen. Whole blood was collected for serum, and ear biopsies were taken for genotype confirmation. All genotypes were reconfirmed for vPK transgenic and WT mice by PCR.
Blinded H&E-stained slides from lung, liver, spleen, and kidney and representative tissue masses were independently reviewed by a board-certified veterinary pathologist and a boardcertified hematopathologist. Based on H&E morphology, each pathologist scored individual slides as positive for lymphoma or negative for lymphoma. The histological diagnosis of lymphoma was assigned to tissues in which there was effacement of normal tissue architecture by a population of atypical or pleomorphic cells. Interobserver agreement was high (>95%), and rare discordant cases were resolved by consensus.
To determine the incidence of lymphoma, any mouse with an organ positive for lymphoma based on the histological evaluation was categorized as positive for lymphoma. Likewise, a mouse not having an organ positive for lymphoma was assigned to the nonlymphoma group. Using this classification system in conjunction with 4A). The lymphomas and B cell lymphoproliferations were large and white with a fleshy appearance ( Figure 4B ). By gross observation, spleens with lymphoma were often enlarged, having prominent white nodules indicating expanded follicles or prominent white pulp compared with WT spleens ( Figure 4C ). In some cases, we observed lymphomatous infiltrate in lung, liver, spleen, and kidney of older vPK animals by H&E staining ( Figure 4D ). By H&E staining of the masses, we observed the effacement of normal tissue architecture by a diffuse proliferation of discohesive neoplastic cells with high-grade nuclear features, including irregular nuclear contours, prominent nucleoli, frequent mitotic figures, and abundant pyknotic debris ( Figure 5A ). We also observed some small lymphocytes and plasma cells intermixed in the background of the H&E-stained masses.
Because the classification of lymphomas is currently based on a combination of morphologic, immunophenotypic, and molecular/ genetic features, we next evaluated expression of various markers in both lines of transgenic mice by IHC. We also included nonlymphoma WT spleens as controls as well as relevant positive and negative staining controls.
We observed robust PAX5 staining of the large neoplastic cells, indicating that the masses were composed predominantly of B cells ( Figure 5C ) with an interspersion of small, presumably nonneoplastic CD3-positive T cells ( Figure 5D ). There was negligible background in the negative control ( Figure 5B ). Interestingly, the neoplastic cells showed mixed expression of germinal center (PNA and GL-7) ( Figure 6 , B and C) and post-germinal center (IRF4) markers in representative cases, although the relative proportion of neoplastic cells staining for these markers was somewhat variable between masses ( Figure 6D and data not shown). We did not observe background staining in the negative control ( Figure 6A ). We did not detect an intact follicular dendritic cell meshwork, as indicated by a lack of CD21 staining, indicating a diffuse growth pattern ( Figure 6E ), whereas we detected CD21-positive meshworks in normal WT spleens (Supplemental Figure 2) .
By H&E, we noted that lymphomas and B cell lymphoproliferations from vPK mice had numerous mitotic figures, suggesting that there was a high proliferative rate. Supporting these observations, we also observed intense Ki-67 staining in the tumor ( Figure  7B ), but not in the negative control ( Figure 7A ). Moreover, in some cases, we observed abundant tingible body macrophages ( Figure  7C ). This further supports a high proliferative rate, as tingible body macrophages are a hallmark of rapidly proliferating, i.e., highgrade, lymphomas. Thus far, our data suggest that vPK transgenic mice are susceptible to a B cell hyperproliferative disorder and/or high grade B cell non-Hodgkin lymphoma (NHL).
B cells from vPK mice lose IgM and IgD expression over time.
In naive adult vPK transgenic mice without lymphomas, we noted an increase in the frequency of B cells that were negative for the expression of IgM and IgD ( Figure 2B ). To determine whether this immunological phenotype exists or is changed as the vPK transgenic mice age, we evaluated the frequencies of these cells in spleens from aged vPK transgenic and WT mice by flow cytometry. We observed that there was a dramatic and significant increase in the frequency of splenic B220 + IgM -IgD -B cells from aged vPK transgenic mice with lymphoma compared with age-matched WT mice ( Figure 8A ). Moreover, B cells (B220 + ) from vPK transgenic mice had increased GL-7 expression compared with age-matched WT B cells ( Figure 8B ). These data support our previous observations by IHC ( Figure  6B ) and suggest that the vPK transgenic lymphoma is of germinal center B cell origin.
We also evaluated the frequencies of B cell subsets in masses in older vPK transgenic mice. In one small mass isolated from the abdomen from a vPK transgenic mouse, we observed that about 30% of the B cells were IgM -IgD -( Figure 8C ). In a spleen with lymphoma from a different mouse and a mass from this same animal, we observed very high frequencies, approximately 78% and approximately 71%, respectively, of B cells that were IgM -IgD -( Figure 8C ). B cells from these tissues also had increased GL-7 expression, indicative of activated germinal center B cells ( Figure 8D ).
To determine whether the B cells from vPK transgenic mouse lymphomas were monotypic, we evaluated splenic B cells for surface-membrane immunoglobulin light chain expression by flow cytometry. One indicator of B cell monoclonality is a B cell light chain restriction. Although we did not see overt evidence of light chain restriction, we did observe aberrant expression levels of surface light chains. Specifically, we observed a loss of λ expression and a significant reduction in κ surface immunoglobulinexpressing splenic B cells from aged vPK transgenics compared with age-matched WT mice ( Figure 8E ). In humans, one can expect an approximate 2:1 distribution of κ-to λ-bearing B cells, whereas, in the mouse, the distribution is heavily skewed toward κ, as exemplified in the WT control mice ( Figure 8E ). To substantiate the finding that aged vPK mice develop polyclonal or monoclonal lesions, we profiled the variable regions of the B cell receptor (BCR) immunoglobulin heavy chain. Using isolated RNA from WT (n = 3) and vPK tissues with lymphoma (n = 6), as determined by histology, we prepared a targeted cDNA library and amplified the BCR immunoglobulin heavy chain mRNAs. The cDNAs were sequenced using Illumina MiSeq. The sequences were aligned to the murine immunoglobulin heavy chain locus. Similarly to what was found in the analysis of D-JH segments by PCR, we observed that vPK mouse lymphomas were either polyclonal or had an emerging monoclonal B cell population, as indicated by a reduction of the sequence repertoire of the variable region (data not shown). Aged WT mouse spleens were included and had a more diverse variable sequence repertoire indicating polyclonality (data not shown). Because aged vPK mice had poly- clonal or monoclonal lesions, aged vPK mice appear susceptible to developing a B cell hyperproliferative disorder and/or high grade B cell lymphoma, respectively. vPK mice have increased serum levels of inflammatory cytokines. Inflammation has been found to promote the development of various cancers and to support the progression of cancer by multiple mechanisms (40) . This is of particular clinical importance in people living with HIV/AIDS (41) (42) (43) . To determine whether inflammation may be contributing to the development of lymphoma in vPK transgenic mice, we evaluated cytokines and growth factors in the serum from aged vPK transgenic and WT mice using a multiplex magnetic bead panel and Luminex. We evaluated an array of 20 analytes. IL-10, IL-1α, KC, and IL-4 were at or below the level of detectability (data not shown). Moreover, for the majority of analytes evaluated, we did not observe significant differences in analyte serum levels between WT and vPK (Supplemental Figure 5) .
Of the cytokines and growth factors evaluated, we observed a significant (P = 0.00496) increase in IL-1β levels in vPK transgenic compared with WT mice ( Figure 10A ). Increased levels of IL-1β have been found to promote the growth, angiogenesis, and metastasis of various cancers (44) (45) (46) . We also observed that IL-12 p40/ p70 was increased (P = 0.0000532) in the serum of vPK transgenic mice compared with WT controls ( Figure 10B ). IL-12 p40/ p70 includes IL-12 p70 and p40 monomers and dimers as well as IL-23. Due to this ambiguity, we evaluated IL-12 p70 and IL-12 p40 separately. By ELISA, we did not observe detectable levels of IL-12 p70, except in serum from 2 WT mice (data not shown). Using the Luminex platform, we observed increased levels (P = 0.000601) of IL-12 p40 in the serum from vPK transgenic compared with WT mice ( Figure 10C ). Although serum IL-12 p40 is not associated with NHL risk (47-49), elevated serum IL-12 p40 levels are associated with the 2 types of NHL, follicular lymphoma and diffuse large B cell lymphoma (DLBCL) (50) . Thus, IL-12 p40 and IL-1β may be components in the cellular milieu that promote the progression of lymphoma in vPK transgenic mice.
vPK mouse lymphomas highly express proteins involved in translation. Our lab has previously shown that vPK is an S6KB1 mimic (25) . S6KB1 is downstream in the PI3K/mTOR pathway and is phosphorylated by mTOR. Activated S6KB1 phosphorylates multiple targets, including S6. S6 is a component of the 40S ribosome subunit, and its phosphorylation is important for the ribosomal biogenesis transcriptional program (51) . vPK phosphorylates S6, and increased phosphorylated S6 correlates with increased global protein synthesis, tubule formation, and anchorage-independent growth in cell culture (25) . These data suggest that one potential mechanism by which vPK promotes tumorigenesis may be by its phosphorylation of S6.
To determine whether vPK may promote phosphorylated S6 in vPK lymphomas, we probed lesions from vPK mice for phosphorylated S6 by IHC. We observed minimal background staining of secondary antibody in the no-primary antibody control ( Figure  11A ). We observed robust expression of phosphorylated S6 in the lymphomas from vPK transgenic mice ( Figure 11B) .
Although S6KB1 and vPK share some of the same substrates, such as S6, vPK expression also appears to promote the phosphorylation of proteins that are not substrates of S6KB1, such as eIF4E (25) . Eukaryotic initiation factor 4E binds to the mRNA 5′ cap structure, thereby promoting recruitment of mRNA to the ribosome. In vivo, eIF4E is an oncogene, and its tumorigenic activity is dependent on its phosphorylation at serine 209 (52) (53) (54) . Phosphorylated eIF4E transforms cells in vitro, facilitates tumorigenesis in vivo, and has been shown to promote metastasis (52, 55, 56). xenograft tumors had extensive expression of phosphorylated eIF4E ( Figure 12C ), which was present in the nuclei and cytoplasm ( Figure 12C ). A fraction of eIF4E localizes to the nucleus and is found in speckles within the nucleoplasm (58, 59) . We also evaluated the levels of phosphorylated S6 in the same PEL xenograft tumor and observed increased levels of phosphorylated S6 ( Figure 12B ) (60) . These data suggest that vPK may facilitate translation and protein synthesis in PEL via activation of S6 and eIF4E.
Discussion
KSHV establishes life-long latency, with episodic bouts of viral reactivation and lytic gene expression. Many lytic proteins are thought to induce the expression of angiogenic and inflammatory proteins that promote the survival and proliferation of latently infected cells in a paracrine fashion. Latent proteins expressed in latently infected cells are thought to spur tumorigenesis. Some in vivo models in which KSHV lytic or latent proteins are expressed support this paradigm. Transgenic mice that express the constitutively active lytic G protein-coupled receptor (GPCR) develop tumors that seem to arise from paracrine mechanisms. Only some of the tumor cells express viral GPCR, and inflammatory cytokines and angiogenic factors are present (61) (62) (63) . This model supports the idea that viral lytic proteins promote tumor progression by the production of angiogenic and inflammatory proteins, whereas expression of latent protein v-FLIP during different stages of B cell development results in a high incidence of B cell-derived lymphoma (64) . Although expression of the latent protein v-FLIP results in a high incidence of lymphomas, expression of other latent proteins is only weakly oncogenic in vivo. When the entire latency locus is expressed, there is chronic activation of mature B cells, and yet only a fraction of these mice go on to develop lymphomas (65) . But when the latency locus is expressed in conjunction with myc, the double-transgenic mice develop frank lymphoma (66) . Likewise, latent protein vCyclin transgenic mice develop lymphomas at a low incidence unless the transgene is expressed in p53 -/-mice (67, 68) . Cumulatively, these data suggest that latent proteins require the contributions of other viral proteins and/or host factors to promote lymphomagenesis.
We generated 2 lines of transgenic mice that express vPK under a Ub promoter. Normal adult vPK transgenic mice had increased splenic class-switched B cells, suggesting a moderately, but constitutively activated, immune system. In older vPK transgenic mice, we observed an increased incidence of a B cell hyperproliferative disorder and lymphoma compared with WT controls. The lymphomas, which are composed predominantly of B cells can be found throughout the body and in multiple organs. The neoplastic cells express both germinal center (GL7, PNA) and post-germinal center (IRF4) markers, while also exhibiting a high rate of proliferation (Ki-67). Together, these features indicate a high-grade B cell NHL. Moreover, we noted high levels of phosTo determine whether phosphorylated eIF4E may have a role in the ongoing development of a B cell hyperproliferative disorder and/or lymphoma in vPK transgenic mice, we evaluated phosphorylated eIF4E (S209) in lesions from aged vPK transgenic mice by IHC. We detected phosphorylated eIF4E in the lesions from vPK mice ( Figure 11C ). Because phosphorylated eIF4E is increased in various cancers, including gastric cancer (57), we included gastric cancer as a positive control and observed positive and negative cells for phosphorylated eIF4E within the same tissue, suggesting antibody specificity (Supplemental Figure 6A) . We did observe a small degree of phosphorylated eIF4E in normal spleen from an aged WT mouse, but to a much lesser extent than in spleen from a vPK mouse with lymphoma (Supplemental Figures 6, B and C) . Finding elevated levels of phosphorylated S6 and eIF4E in the lesions from vPK mice strongly suggests ongoing active translation and protein synthesis.
We observed high levels of phosphorylated S6 and eIF4E in lymphomas from the vPK transgenic mice (Figure 11 , B and C). Because the lymphomas from vPK transgenic mice share some features of PEL, we evaluated PEL xenograft tumors for phosphorylated eIF4E by IHC. As observed previously, there was negligible staining in the no-primary antibody control ( Figure 12A ). PEL viously been observed (6) , and the vPK lymphomas resemble such solid lymphomas. PEL is composed of monoclonal B cells, and monoclonality supports a diagnosis of lymphoma. To determine whether vPK lesions are monoclonal, we evaluated surface immunoglobulin light chain expression by flow cytometry. An immunoglobulin light chain restriction is one indicator of monoclonality. Instead of a skewing toward κ or λ, we observed a reduction in the percentage of B cells that express either κ or λ from aged vPK transgenic mice. Although it's not a conclusive inidicator of lymphoma, some reports suggest that aberrant light chain immunoglobulin expression can be a surrogate marker for lymphoma (72) (73) (74) .
To further evaluate clonality in the tumors from aged vPK transgenic mice, we evaluated IgH rearrangements by PCR. We observed either a polyclonal or an emergence of monoclonal B phorylated S6 and eIF4E, which suggests that active translation and protein synthesis may be contributing to the aberrant B cell proliferation in vPK transgenic mice.
The lesions from vPK transgenic mice share some of the same features as those found in the KSHV B cell malignancy PEL. The B cell of PEL is thought to be of post-germinal center origin and preterminally differentiated (6, 9) . For instance, PEL cells have been shown to express IRF4 (69) (70) (71) and in most cases lack surface immunoglobulin expression. Chadburn et al. found that 0% of PEL cases were positive for surface/cytoplasmic expression of κ and 15% (4/26) were positive for λ surface/ cytoplasmic expression (6) . Similar to PEL cells, the cells in vPK lymphomas appear to be of germinal center/post-germinal center origin, express IRF4, and lack surface immunoglobulin expression. Extracavitary or solid variants of PEL have also pre- cell transformation, tumorigenesis, and metastasis in vitro and in in vivo mouse models of cancer (52, 55, 56 ). In the current study, we observed elevated levels of phosphorylated eIF4E in the lymphomas from vPK transgenic mice and in PEL xenograft tumors. Thus, vPK facilitates lymphomagenesis in vPK transgenic mice and likely contributes to tumorigenesis by facilitating the phosphorylation of eIF4E. Promoting translation may not be the only mechanism by which vPK promotes lymphomagenesis. In normal and aged vPK mice, we observed elevated frequencies of class-switched, activated B cells (sIgM -, sIgD -). During the normal response to antigen, B cells undergo several genetic rearrangements that diversify the BCR and fine-tune it for antigen recognition. It is during these processes that mutations can be introduced and contribute to lymphomagenesis. Such alterations are prevalent in B cell lymphomas (82) . We speculate that another way in which vPK contributes to lymphomagenesis is that vPK expression induces B cell activation, thereby promoting various genetic rearrangements of the BCR and facilitating the accumulation of mutations that contribute to the development of lymphoma.
Our discovery that vPK transgenic mice develop high-grade B cell lymphoma, as well as a B lymphoproliferative disorder, at an increased incidence supports the notion that vPK is a viral oncogenic protein.
Methods
Transgenic mice. The KSHV ORF36 construct was previously described (25) and was cloned into the backbone pBS.Ub.hGH, a plasmid previously modified from pBluescript to include a Ub and a stabilization sequence (hGH). The plasmid was linearized with restriction enzymes PvuI-HF (high fidelity) and SapI from New England BioLabs. The transgene fragment was microinjected into fertilized embryos of C57BL/6 mice and implanted into pseudopregnant female mice by cells in tissues that had been previously classified as lymphomas by histology. We determined clonality by evaluating IgH rearrangements in 1 section of 1 lesion per animal. There could be sampling bias that confounds these results. It is possible that background B cells in spleens could mask an emerging monoclonal B cell population.
The ORF36 gene contains hypoxia-responsive elements in its promoter, allowing for vPK expression under hypoxic conditions in the absence of full-blown lytic replication (18, 75) . Thus, vPK may contribute to the development and phenotype of PEL directly during incomplete reactivation and indirectly through paracrine mediators (76) . vPK may also be involved in KSHV + DLBCL, which sometimes develops in KSHV-MCD patients as well as in HIVpositive individuals in the absence of PEL and MCD (77) (78) (79) .
One mechanism by which vPK directly promotes lymphomagenesis in aging vPK transgenic mice may be by its phosphorylation of proteins involved in cap-dependent translation and protein synthesis. We have previously reported that vPK is an S6KB1 mimic in cell culture. S6KB1 is a kinase downstream of the mTORC1 complex, which is a major node in the PI3K/Akt/mTOR pathway. Activated S6KB1 phosphorylates a multitude of substrates that are involved in cell proliferation, cell survival, and protein synthesis, including S6 (80, 81) . In the current study, we observed elevated levels of phosphorylated S6 in lymphomas that developed in vPK transgenic mice. S6 is a component of the 40S ribosome subunit, and its phosphorylation is important for the ribosomal biogenesis transcriptional program (51) .
Although vPK does not phosphorylate all of the S6KB1 substrates involved in translation, such as eIF4B (S422), it phosphorylates other substrates not typically activated by S6KB1, including eIF4E (S209) (25) . Eukaryotic initiation factor 4E binds the 5′-cap structure of eukaryotic mRNAs and aids in the recruitment of ribosomes. Aberrant hyperphosphorylation of eIF4E is involved in Scientific DecaLabel DNA Labeling Kit, K0622). After the labeling was complete, the probe was filtered through a GE ProbeQuant G-50 Micro Column, boiled for 5 minutes, and cooled on ice. The probe was added to the membrane and prehybridization buffer and incubated at 42°C overnight. The probe and buffer were removed, and the membrane was washed in a series of buffers containing varying concentrations of SSC and SDS. The membrane was then exposed to x-ray film for 2 days at room temperature.
Genotyping and PCR.
To evaluate the presence of vPK, each tissue sample was resuspended in 0.1 ml of solution A (25 mM NaOH, 0.2 mM EDTA, pH of approximately 12) for 1 hour at 95°C. Then, 0.1 ml of solution B (40 mM Tris-HCL, pH of approximately 5) was added and the samples were vortexed and centrifugated for 3 minutes at approximately 10,000 g. Two microliters of mouse genomic DNA was then added to a PCR mix of buffer (QIAGEN), primers, Taq polymerase (QIAGEN), and dNTPs (QIAGEN).
Primers. The following primers were used for vPK genotyping: vPK forward, 5′-CGCCTTCGGAATCATTGTGC-3′; vPK reverse, 5′-TTAGAGCCGGAATGCAGAGC-3′, murine GAPDH forward, 5′-ATCACTGCCACCCAGAAGAC-3′; and murine GAPDH reverse, 5′-GGATGCAGGGATGATGTTCT-3′. The primers used for RT-PCR for vPK included the following: forward, 5′-CCCTAACATGGGCCT-GACTA-3′; reverse, 5′-TGACCACTCGTGGGATCATA-3′. The murine GAPDH primers were used both for genotyping and RT-PCR. The primers used for IgH rearrangements have been previously reported (37) (38) (39) and included the following: DSF, 5′-AGGGATCCTT-GTGAAGGGATCTACTACTGTG; JH4, 5′-AAAGACCTGCAGAG-GCCATTCTTACC.
the UNC Animal Models Core Facility at the University of North Carolina at Chapel Hill. vPK-expressing mice were identified by isolating mouse genomic DNA from foot or tail biopsies and by completing PCR using primers specific for vPK. Two lines of vPK transgenic mice were generated by breeding 2 vPK founders to C57BL/6 mice (The Jackson Laboratory, 000664).
Southern blot. Mouse genomic DNA was isolated from spleens using the DNeasy Blood and Tissue Kit from QIAGEN. Fifteen micrograms of DNA from each mouse was double digested with BamHI-HF and HindIII-HF (New England BioLabs) and single digested using AflII (New England BioLabs) in a total volume of 100 μl at 37°C overnight. Plasmid vPK at 0.01 ng or 0.001 ng was double digested with 15 μg of DNA from WT mouse spleens under the same conditions. The total volume for each sample was added to a 0.8% agarose gel. The samples were subjected to gel electrophoresis at 25 V overnight and stained with ethidium bromide. To confirm digestion, the gel was briefly exposed to UV light and an image captured. To nick the DNA, the gel was exposed to UV light for 3 minutes. The gel was then washed in a buffer of 0.4 N NaOH and 1 M NaCl 2 times each for 15 minutes. The DNA in the gel was transferred for 20 hours to a charged nylon membrane by a capillary transfer system. The DNA was then crosslinked to the membrane by exposure at 120 mJ/cm 2 in a UV crosslinker. The membrane was hybridized with prehybridization buffer at 42°C for 1 hour. For the probe, plasmid vPK (Ub.vPK.hgH) was double digested with BamHI-HF and HindIII-HF and gel purified. One hundred nanograms of this DNA was used as a template to make a radiolabeled deoxycytidine triphosphate [α- Tissue extraction. Mice were sacrificed by exposure to carbon dioxide and subsequent cervical dislocation. Blood was collected in serum gel z1.1 tubes (Sarstedt). An ear biopsy was also collected for genotype confirmation. Lungs, liver, spleen, and kidney were collected, and mass was determined. Each tissue was divided into 3 pieces to be preserved by snap-freezing in a dry ice/ethanol slurry, RNAlater (QIA-GEN), and 10% buffered formalin preservation.
Relative real-time PCR for vPK. Twenty to thirty micrograms of RNAlater-preserved (QIAGEN) tissue was disrupted and lysed using a TissueLyser (QIAGEN). Total RNA was isolated using QIAGEN's RNeasy Plus Mini Kit according to the manufacturer's instructions. Isolated RNA was further treated to remove any residual gDNA (ActicZymes, catalog 80200). In order to generate cDNA, 1.8 μg RNA was reverse transcribed using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems, catalog 4368814) reagents. Real-time PCR was
Immunoblots. Tissues were immediately flash-frozen in a dry ice/ ethanol slurry following extraction. The frozen tissues were maintained at -80°C until processed. Each tissue sample was homogenized in RIPA buffer containing protease (Roche, 11-697-498-001) and phosphatase inhibitors (Roche, 04-906-837-001). The samples were then centrifuged at 16,000 g for 15 minutes at 4°C. Protein expression was evaluated using the Pierce BCA protein assay. Equal amounts of protein (100 μg) were loaded per lane and resolved by SDS-PAGE. Blots were probed for actin (Santa Cruz Biotechnology Inc., SC-1615) to evaluate total protein levels or vPK, using a polyclonal vPK antibody (83) that was provided by Hsing-Jien Kung and Yoshihiro Izumiya (UCD School of Medicine, Sacramento, California, USA), followed by an HRP-linked, anti-rabbit IgG secondary antibody (Cell Signaling, catalog 7074).
B cell enrichment and immunoblot. A single-cell suspension was prepared from WT or vPK transgenic mouse spleens. B cells were enriched by negative selection using a mouse B cell isolation kit from Miltenyi Biotec according to the manufacturer's instructions. B cell purity was determined by evaluating the percentage of B220-positive cells compared with those that were unstained by flow cytometry. Purity was greater than 98%. For the immunoblot, the purified B cells were lysed with an NP-40 lysis buffer (0.1% NP-40, 150 mM NaCl, 25 mM Tris/HCl pH 8.0) containing a cocktail of protease (Roche) and phosphatase (Roche) inhibitors. Protein levels in clarified lysates were determined by a Bradford assay (Bio-Rad).
Flow cytometry. A single cell suspension was prepared from mouse spleens by mashing the organ on ice with the top of a sterile syringe plunger in a 6-well dish containing cold DMEM. This suspension was filtered through a 40-μm strainer. All procedures were carried out on ice. Cells were washed in cold PBS and then incubated with ACK lysis incubated in a 3% hydrogen peroxide solution for 10 minutes. Next, the sections were exposed to a blocking buffer containing 10% horse serum, 0.005% BSA, and 0.03% Triton X-100 in PBS for 30 minutes at room temperature. The blocking buffer was replaced with primary antibody diluted in blocking buffer and incubated overnight in a humidified chamber at 4°C. Some sections only received blocking buffer as a no-primary antibody control. Sections then underwent three 5-minute washes with PBS. Using the appropriate Vectastain ABC HRP Kit (Vector Laboratories), the sections were incubated with the secondary antibody for 45 minutes at room temperature. Sections underwent three 5-minute washes with PBS and were subsequently incubated in preformed Avidin DH biotinylated horseradish peroxidase H complex (Vector Laboratories) for 1 hour. Sections were developed with 3, 3′-diaminobenzidine peroxidase substrate (Vector Laboratories) and subsequently counterstained with hematoxylin, dehydrated, and coverslipped. The sections were imaged using the Leica DM LS histology microscope with the following objec- IgH gene rearrangements. DNA was isolated from mouse tissues using the Qiagen DNeasy Blood and Tissue Purification Kit (catalog 69504). One hundred nanograms of DNA for each sample was PCR amplified using the DSF/JH4 primers and PCR conditions as previously described (37, 38) . The PCR products were electrophoresed on a 2% agarose gel and stained with ethidium bromide.
BCR IgG heavy chain profiling. We isolated RNA using the QIAGEN RNeasy Plus Mini Kit (catalog 74136) and completed on-the-column DNAse treatment with the QIAGEN RNase-free DNase Kit (catalog 79254). We evaluated RNA concentrations using Qubit fluorometric quantitation. Using 1.3 μg of RNA for each sample (WT = 3 spleens and vPK = 6 tissues with lymphoma), we amplified the variable regions of the BCR heavy chain and generated a cDNA library using the SMARTer Mouse BCR IgG H Profiling Kit (Takara Bio, 634422). The samples were then submitted to the University of North Carolina School of Medicine High-Throughput Sequencing Facility for 300 bp ID multiplex Illumina MiSeq processing. Illumina bcl2fastq pipeline performed for ORF36 using the cDNA as a template in SYBR Green PCR Master Mix. Murine GAPDH was used as an endogenous control for each sample. The samples were processed using a QuantStudio 6 Flex Real-Time PCR machine from Applied Biosystems.
Cytokine detection in serum. For cytokine detection, we used the Luminex platform and the following reagents: Mouse Cytokine Magnetic 20-Plex Panel (Invitrogen, catalog LMC0006M) and the IL-12/IL-23 p40 Mouse ProcartaPlex Simplex Kit (Invitrogen, EPX01A-26033-901). According to the standard curves, the limits of detection were 24.91 pg/ml (IL-1β), 16.73 pg/ml (IL-12 p40/p70), and 7.48 pg/ml (IL-12 p40).
IHC. Tissues were collected in 10% buffered formalin. After 3 to 7 days, the tissues were placed in cassettes, washed with water for 10 minutes, and then placed in 70% ethanol. Paraffin-embedded tumors were cut into 4 μm sections and placed on slides. To prepare tissues for IHC staining, the tissues were heated in an oven for 1 to 2 hours at 58°C. The tissues were put through two 5-minute incubations in Histoclear (National Diagnostics) to deparaffinize and subsequent 3-minute incubations in a descending gradient of ethanol. The sections were placed in the Dako PT Link containing a prewarmed (75°C) citrate pH 6.0 or Tris-EDTA pH 9.0 buffer and heated to 95°C for 25 minutes. After cooling to about 75°C, the sections were washed for 5 minutes in 1× Dako EnVision Flex wash buffer. To quench peroxidase activity, the sections were and SAM analyzed data, acquired images, and provided intellectual input. APB provided the vPK construct, PEL xenograft tumors, and intellectual input. DPD helped with data analysis. BD obtained funding for all the experiments, analyzed data, provided intellectual input, and helped write the manuscript.
